To determine whether the biogenesis of ribosomes in Escherichia coli is the result of the self-assembly of their different constituents or involves the participation of additional factors, we have studied the influence of a chaperone, the product of the gene dnaK, on ribosome assembly in vivo. Using three thermosensitive (ts) mutants carrying the mutations dnaK756-ts, dnaK25-ts, and dnaK103-ts, we have observed the accumulation at nonpermissive temperature (45°C) of ribosomal particles with different sedimentation constants-namely, 45S, 35S, and 25S along with the normal 30S and 50S ribosomal subunits. This is the result of a defect not in thermostability but in ribosome assembly at the nonpermissive temperature. These abnormal ribosomal particles are rescued if the mutant cells are returned to 30°C. Thus, the product of the dnaK gene is implicated in ribosome biogenesis at high temperature.
ABSTRACT
To determine whether the biogenesis of ribosomes in Escherichia coli is the result of the self-assembly of their different constituents or involves the participation of additional factors, we have studied the influence of a chaperone, the product of the gene dnaK, on ribosome assembly in vivo. Using three thermosensitive (ts) mutants carrying the mutations dnaK756-ts, dnaK25-ts, and dnaK103-ts, we have observed the accumulation at nonpermissive temperature (45°C) of ribosomal particles with different sedimentation constants-namely, 45S, 35S, and 25S along with the normal 30S and 50S ribosomal subunits. This is the result of a defect not in thermostability but in ribosome assembly at the nonpermissive temperature. These abnormal ribosomal particles are rescued if the mutant cells are returned to 30°C. Thus, the product of the dnaK gene is implicated in ribosome biogenesis at high temperature.
The DnaK heat shock protein of Escherichia coli (1, 2) , one of the molecular chaperones (3), has been implicated in many processes: replication of E. coli chromosome, P1 and F plasmid, and A phage DNA (4); protein export (5) ; osmotic adaptation (6) ; thermotolerance (7); proteolysis (8) ; flagellum synthesis (9) ; protein phosphorylation (10) ; protein monomerization (11) ; protein renaturation (12) (13) (14) ; and protein folding (15) . Also, and this is perhaps its major physiological role, DnaK is a negative regulator of the responses to heat shock and oxidative stress (16) (17) (18) .
All these functions probably bring into play one or the other of the ATPase (19) , 5'-nucleotidase (20) , and autophosphorylation (21) activities that DnaK possesses.
In this study we emphasize a role for the E. coli DnaK chaperone in ribosomal subunit assembly, since thermosensitive dnaK mutants present ribosome assembly defects at the nonpermissive temperature.
MATERIALS AND METHODS
E. coli Strains and Growth Medium. E. coli strains 472 (F-,galK2,strR,thr: :TnlO,dnaK+), 473 (F-,galK2,strR, thr::TnlO,dnaK25-ts, where ts = temperature sensitive), and 264 (F-,galK2,strR,thr::TnJO,dnaK756-ts) were from M. E. Gottesman and G. A. Gaitanaris (Columbia University, New York); TS103 (dnaK103-ts) was from R. A. VanBogelen (Parke-Davis), and CG800 (C600 dnaK103-ts,thr::TnlO) was from C. Georgopoulos (Geneva University). E. coli AL19 (ArelA251::kan,dnaK756-ts) was constructed by P1 transduction of ArelA251::kan from CF1652 (22) into strain 264. Screening for the RelA phenotype was done in the presence of the histidine analog 3-amino-1,2,4-triazole at 20 mM as described (23) . Growth medium was minimal medium A (24) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
supplemented with 0.2% glucose, 1 ,ug of thiamine per ml, 0.01% threonine, and 0.2% Casamino acids.
Labeling of Bacteria and Preparation of Bacterial Crude Extracts. Liquid cultures (100 or 200 ml) were inoculated with 0.01 vol ofan overnight preculture grown in the same medium at 30°C; incubation at 30°C with shaking was continued for 2.5 hr. For labeling at 30°C, [5-3H] uridine (Amersham; TRK 178) was then added to the culture [final concentration, 1 ,Ci (37 kBq)/ml; 3 ,uM), and growth was continued for 1 hr. For labeling at 42°C or 45°C, the culture was transferred for 1 hr to a shaking water bath at the nonpermissive temperature before addition of the [3H]uridine under the same conditions as before, and incubation was continued for 1 hr. Labeling at 42°C or 45°C generally resulted in an amount of incorporated (acid insoluble) radioactivity of 3 to 5 x 106 cpm in the culture-i.e., less than that obtained at 30°C by only a factor of 2-3. Bacterial crude extracts were prepared in TMNSH buffer (10 mM Tris HCl, pH 7.4/10 mM Mg(OAc)2/60 mM NH4Cl/6 mM 2-mercaptoethanol) by alumina grinding at 4°C and were at once layered on sucrose gradients.
Sucrose Gradient Centrifugations. Bacterial crude extracts or ribosomes (about 105 cpm) were mixed at 4°C with 2 A260 units each of nonradioactive 50S and 30S ribosomal subunits prepared from wild-type E. coli and were layered onto 35-ml 10-30% linear sucrose gradients prepared in TMNSH buffer, which were centrifuged at 4°C in a Spinco SW 28 rotor for 19 hr at 23,000 rpm for ribosome association conditions. For analysis under ribosome dissociation conditions, samples prepared as above were adjusted to 400 mM NaCl and layered onto sucrose gradients prepared in 400 mM NaCl-containing TMNSH buffer (25) , which were centrifuged at 4°C in a Spinco SW 28 rotor for 18 hr at 27,000 rpm. Each gradient was then collected in 1-ml fractions whose optical density (A260) and acido-insoluble radioactivity were measured.
For preparative sucrose gradient centrifugation, nonradioactive 50S and 30S ribosomal subunits were not added to samples. After collection, the acido-insoluble radioactivity of 1/10th of each fraction was measured, relevant fractions were pooled, and the ribosomal particles they contained were concentrated by polyethylene glycol 6000 precipitation (25) .
For rRNA analysis, ribosomal particles pooled from a preparative sucrose gradient were mixed with nonradioactive 50S and 30S ribosomal subunits as above and phenolextracted, and the resulting rRNAs were layered onto 35-ml 5-20% linear sucrose gradients prepared in 10 mM Tris HCl, pH 7.4/100 mM LiCl/0.1% SDS, which were centrifuged at 4°C in a Spinco SW 28 rotor for 20 hr at 27,000 rpm.
RESULTS

Structural Alterations of Ribosomes Synthesized in Mutants
Carrying the dnaK756 and dnaK25 Mutations at Nonpermissive Temperature. To label ribosomes synthesized by the *To whom reprint requests should be addressed. dnaK756 mutant at the nonpermissive temperature, [5-3H] uridine was added to a culture of strain 264 (dnaK756-ts) 1 hr after its transfer from 30°C to 45°C. The culture continued to be shaken in the water bath at 45°C for a further hour, and bacteria were then harvested. Aliquots of the corresponding bacterial crude extract were layered on two types of sucrose gradient differing in ionic composition (see Materials and Methods) to allow association and dissociation of ribosomal subunits. Ribosomes labeled in strain 472 (dnaK+) at 45°C and in strain 264 (dnaK756) at 30°C were used as controls.
Most of the ribosomes synthesized by the dnaK756 mutant at 30°C sedimented at 70S under associating conditions (Fig. 1A Middle) and as normal 50S and 30S ribosomal subunits in dissociation conditions (Fig. 1B Middle) . Fig. 1 Bottom presents the sedimentation profiles of ribosomes synthesized by the dnaK756 mutant at 45°C. Under conditions favoring ribosome association (Fig. 1A Bottom) , only half of the ribosomes sedimented at 70S, the rest being distributed between a large peak of50S-45S particles and two smaller peaks of 35S and 25S particles. A comparable distribution was found after centrifugation of the same bacterial crude extract on a dissociation sucrose gradient (Fig. 1B  Bottom) , where an enlarged 50S peak apparently contains a mixture of 50S and 45S particles and, on each side of the 30S peak, the 35S and 25S particles are present.
When the crude extracts were subjected to centrifugation at high speed (100,000 x g) and the pelleted ribosomes were analyzed, they exhibited on both types of sucrose gradient (associating and dissociating) the same sedimentation profiles as those in Fig. 1 (results not shown) . 45S, 35S, and 25S will be used hereafter as generic terms to refer to these abnormal particles without prejudice to their real sedimentation coefficients, which have not been more precisely determined. These particles were not the result of the high temperature (45°C) at which ribosome synthesis took place, since they were not found in strain 472 (dnaK+) at the same temperature (Fig. 1 Top) .
To determine whether 45S, 35S and 25S particles found in the dnaK756 mutant are artefacts generated in the sucrose gradients or really exist in crude extracts, they were isolated by pooling fractions corresponding to the 50S, 35S, and 25S regions of a preparative sucrose gradient similar to the one presented in Fig. 1A Bottom, aliquots of which were rerun on analytical sucrose gradients (dissociation conditions). Ribosomes in the 70S peak were also taken and treated similarly as a control. Identical aliquots of these pooled fractions were phenol-extracted, and the resulting rRNAs were analyzed as described in text. The results presented in Fig. 2 show that ribosomes in the 70S peak as expected contained normal 30S and 50S ribosomal subunits ( Fig. 2A) Fig. 1A Bottom as unassociated large ribosomal subunits were a mixture of 50S and 45S ribosomal particles (Fig. 2B) . Similarly, particles isolated from the 35S and 25S regions of the preparative sucrose gradient behaved as real particles displaying the expected sedimentation coefficients ( Fig. 2 C and D) in spite of the high salt concentration (400 mM NaCl) to which they were submitted during centrifugation in this type of analytical sucrose gradient. Analysis of the extracted RNAs (Fig. 2) showed that the 25S, 35S, and 45S particles were ribosomal subunit precursors because the 25S and 45S species contained respectively 16S and 23S RNAs, and the 35S particles (probably due to contamination with 30S subunits) contained 23S RNA plus some 16S RNA.
In summary, ribosome synthesis in an E. coli dnaK756 strain at 45°C leads to production of normal 50S and 30S ribosomal subunits and to a lower extent of ribosomal particles with approximate sedimentation coefficients of 45S, 35S, and 25S, quite similar to those of the natural precursor particles (26) .
Labeling and sedimentation analysis of ribosomes synthesized at 45°C by strain 473, carrying the newly isolated dnaK25-ts allele (13) , was also performed, and the results are shown in Fig. 3 . They are similar to those found with the dnaK756 mutant in the sense that both 70S ribosomes and excessive amounts of unassociated large ribosomal subunits were apparent in sucrose gradients analysis carried out under associating conditions (Fig. 3A Lower) but differed from them by the absence of 35S and 25S particles. Analysis of the same bacterial crude extracts on sucrose gradients under ribosome dissociation conditions confirmed these results (Fig. 3B Lower) . Unassociated large ribosomal subunits contained predominantly particles that resediment at 45S when isolated and rerun on an analytical sucrose gradient under ribosome dissociation conditions (results, not shown, were very similar to those of Fig. 2B) .
We conclude that an E. coli dnaK25-ts mutant at 45°C accumulates 45S ribosomal particles in addition to normal 30S and 50S subunits. dnaK756 Mutation Affects the Assembly but Not the Thermostability of Ribosomal Subunits. To elucidate the cause of the ribosomal defects observed in a dnaK756 mutant at 45°C, ribosomes were labeled with [3H]uridine during their synthesis in strain 264 at the permissive temperature (30°C) and were extracted after transfer of mutant cells to 45°C (or to 30°C as control) for 1 hr in a growth medium without [3H]uridine. The ribosomes extracted from dnaK756 cells transferred to the nonpermissive temperature for 1 hr sedimented almost entirely (95%) at 70S, and no traces of abnormal ribosomal particles were found (Fig. 4) .
We can conclude that even at 45°C, the presence of the dnaK756-ts allele does not alter the structural and functional properties of ribosomes synthesized and assembled at 30°C. Therefore, the abnormal particles synthesized and assembled at 45°C in a dnaK756 mutant result from a defect in ribosome assembly.
Ribosome Assembly Defects in dnaK Mutants Are Caused
Neither by the Triggering of the Stringent Response Nor by an Uncontrolled Heat Shock Response. In mutant dnaK756 at the nonpermissive temperature, the stringent response is induced (27) , and synthesis of heat shock proteins is constitutive because of failure to turn off the heat shock response (16) . These two events could be responsible for the ribosomal defects observed here. Therefore labeling and sedimentation analysis of ribosomes synthesized at 45°C by strain AL19 carrying both mutations ArelA251:: kan and dnaK756-ts were performed exactly as before, and the results are shown in Fig.  5 Upper. Clearly, the lack of stringent response relaxed rRNA synthesis and did not prevent but instead permitted accumulation of 45S, 35S, and 25S ribosomal precursor particles in much larger amounts than those found in strain A B X i S~~~~ĩ 264 (relA+, dnaK756-ts). In addition, ribosome formation at 30°C in strain AL19 was completely normal (results not shown).
To check the possible influence of an uncontrolled heat shock response on ribosome assembly, a mutant (strain TS103) carrying another dnaK-ts allele (dnaK103) that does not have a heat shock response (R. A. VanBogelen, personal communication) was used. This mutation, previously considered to affect an RNA polymerase subunit (28) , causes synthesis of a truncated DnaK protein of 50 kDa (29) . Ribosomes synthesized at 45°C either by strain TS103 (results not shown) or by strain CG800 (dnaK103-ts in a different genetic background; ref. 30 ) showed sedimentation characteristics similar to those of particles formed in the dnaK756 mutant at the same temperature (Fig. 5 Lower). However, formation of 30S subunits was more severely affected and that of 50S subunits was less severely affected than in the dnaK756 mutant. The unexpected appearance of particles sedimenting at 65S under association conditions (Fig. SA  Lower) needs further study. The immediate conclusion is that the lack of heat shock response in the dnaK103 mutant does not alter the defects in ribosome assembly found in the other dnaK mutants. Therefore, these defects appear not to depend upon the nature of the heat shock response developed in a particular dnaK mutant.
Precursor Particles Synthesized by the dnaK Mutants at the Nonpermissive Temperature Are Converted to Normal Ribosomal Subunits at the Perniissive Temperature. [3H]Uridine was added to a 200-ml culture of strain 264 (dnaK756-ts) 1 hr after its transfer from 30°C to 45°C, and bacteria were harvested after a further hour at 45°C. One portion was washed and kept at -20°C (zero time). The rest of the bacteria were resuspended in nonradioactive growth medium containing 0.1 mM uridine with or without 0.3 mM rifampycin and incubated at 30°C for 2 hr; then crude bacterial extracts were prepared and analyzed by sucrose gradient centrifugation, as shown in Fig. 6 . Extracts of bacteria harvested at zero time gave ribosomal particle distributions (Fig. 6 Upper) similar to those shown in Fig. 1 Bottom. In contrast, extracts of bacteria incubated for a further 2 hr at 30°C in the presence of rifampicin and no radioactive uridine displayed essentially normal ribosomal distribution patterns (Fig. 6 Lower). Identical results were obtained with extracts from cells incubated in the presence of nonradioactive uridine alone. Thus, the 45S, 35S, and 25S species are not dead-end particles but behave like normal precursor particles since they can be rescued.
DISCUSSION
Although ribosome biosynthesis is severely affected in the dnaK mutants at the nonpermissive temperature, it would be premature to conclude at the moment in favor of a direct effect of the chaperone DnaK on ribosome assembly. A number of metabolic events take place in the dnaK mutants at the nonpermissive temperature: (i) synthesis of inactive DnaK proteins; (ii) induction of the stringent response, at least in the case of the dnaK756 mutant (27) ; (iii) constitutive synthesis of the heat shock proteins (and underproduction of other proteins) because of the failure to turn off the heat shock response, at least in the case of the dnaK756 mutant (16) ; and (iv) either heat-inactivation or, on the contrary, persistance for an indeterminate time ofactive DnaK proteins synthesized and assembled during the growth of bacteria at 30°C (this point will be discussed later).
Here we have eliminated two possible indirect mechanisms, triggering of the stringent response and uncontrolled synthesis of heat shock proteins (Fig. 5) An interesting observation is that the three dnaK mutations produce three different effects on ribosome assembly: the dnaK25 mutation appears to affect only the final stage of formation of 50S subunits, leading to synthesis of particles with a slightly lower sedimentation coefficient (45S), whereas the assembly of both 30S and 50S subunits is affected in dnaK756 and dnaK103 mutants (the conversion of 25S particles into 30S subunits appears arrested in the dnaK103 mutant). These observations suggest the hypothesis of a dnaK allele-specific effect and thus a direct effect on ribosome assembly. However, it is also possible that degradation of 25S particles by heat shock proteins is more efficient in mutant dnaK756 than in mutant dnaK103. At this time a choice between these two hypotheses cannot be made. Characterization of all precursor particles described here (protein composition, mature or precursor type of their rRNAs) will help to bring an answer.
In our hands, the ribosomal assembly defects observed in mutants dnaK25 and dnaK756 are already discernible 30 min after the transfer of the culture to 45°C (results not shown) but are considerably accentuated after 1 hr, although they are not complete since about half of the large ribosomal subunits synthesized under these conditions behave normally. Our hypothesis is that DnaK25 and DnaK756 proteins are thermosensitive only when synthesized at 42°C or 45°C, but persist at these temperatures as thermoresistant active chaperones when they have been synthesized and assembled at 30°C. A certain period of time (1 hr or more) would therefore be needed for their dilution and/or decay in the bacteria shifted to the nonpermissive temperature. It has been recently reported that theE. coli DnaK protein has a rather high thermal stability (33) . In vitro, the DnaK756 mutant protein is able to protect the E. coli RNA polymerase from heat inactivation as well as the wild-type DnaK protein (Fig. 1B in reference 12) and exhibits an autophosphorylating activity (but not an ATPase activity) as resistant to heat as that of the DnaK+ protein (34) .
Whatever the explanation for the incomplete effect of the dnaK mutations on the assembly of ribosomes at the nonpermissive temperature, this effect is undeniable and much more dramatic than that produced by other types of thermosensitive mutations, such as nusAl, nusB5, and nusE71 (35) .
The presence of the DnaK chaperone on ribosomal particles during their biogenesis would unify the role of DnaK as a cellular thermometer as proposed by Craig and Gross (36) and by McCarty and Walker (21) , and that of ribosomes as sensors of heat shock as suggested by VanBogelen and Neidhardt (37) . Occurrence in polysomes on the one hand of the DnaK chaperone (M. E. Gottesman, personal communication) and of the yeast 70-kDa heat shock protein (38) and on the other hand of immature 50S subunits (39) and of the final maturation of 23S rRNA (40) corroborates this idea.
